Telomere-related disorders are a clinically and genetically heterogeneous group of disorders characterized by premature telomere shortening and proliferative failure of a variety of tissues. This study reports the spectrum of telomere-related gene variants and telomere length in Nordic patients referred for genetic testing due to suspected telomere-related disorder. We performed Sanger sequencing of the genes TERT, TERC, DKC1, and TINF2 on 135 unrelated index patients and measured telomere length by qPCR on DNA from peripheral blood leukocytes. We identified pathogenic or likely pathogenic variants in 10 index patients, all of which had short telomeres compared to age-matched healthy controls. Six of the 10 variants were novel; three in TERC (n.69_74dupAGGCGC, n.122_125delGCGG, and n.407_408delinsAA) and three in TERT
Introduction
Telomeres constitute the protective complexes of the termini of eukaryotic chromosomes. The telomeres shorten by each cell division due to incomplete replication of the lagging strand, and as a consequence, most somatic cells have limited replicative capacity [1] [2] [3] . However, telomere attrition can be compensated by telomerase-mediated elongation, and telomerase is expressed in highly proliferating cells including stem cells, germ cells, and activated lymphocytes. The telomerase ribonucleoprotein complex consists of an RNA component (TERC), a catalytic reverse transcriptase component (TERT), and accessory proteins of Sofie Degerman and Magnus Hultdin contibuted equally to this work.
importance for complex stability and binding to the telomeres, including DKC1, NHP2, NOP10, and GAR1 [4] .
Genetic variants that affect the function in genes involved in telomere maintenance result in disorders referred to as "telomeropathies" or "telomere syndromes" with premature telomere shortening and proliferative failure of a variety of tissues [3, 5] . The patients present with overlapping, highly variable phenotypes, with differences in penetrance and age of onset [6] . Different variants in a telomere related gene may cause different disorders, and individuals with the same variant may show different clinical features, ranging from very mild to severe [7] . Furthermore, families with telomeropathies often display genetic anticipation, a phenomenon which decreases age of onset and increases severity of symptoms in later generations [8] . The telomeropathies include dyskeratosis congenita (DC), which is characterized by bone marrow failure, abnormal skin pigmentation, nail dystrophy, and oral leukoplakia [9] . Other telomere-related disorders include Hoyeraal-Hreidarsson syndrome (HHS) [10] , pulmonary fibrosis (PF) [11, 12] , aplastic anemia (AA) [13, 14] , myelodysplastic syndrome (MDS) [15] , acute myeloid leukemia (AML) [16] , and liver cirrhosis [17, 18] .
The most commonly mutated genes involve components of the telomerase complex (TERT, TERC, and DKC1) [9, 19, 20] and the telomere-binding shelterin complex (TINF2 encoding TIN2) [7, 21] . With this study, we aim to describe the spectrum of genetic variants in patients referred to our laboratory at Umeå University hospital in Sweden for genetic testing of telomere-related genes, as part of routine health care. We further describe telomere length in these patients.
Methods

Patients
Since 2011, patients with suspicion of a telomere-related disorder have been referred to the Department of Clinical Genetics, Umeå University hospital, Sweden, for genetic testing of TERT, TERC, DKC1 and TINF2, and/or telomere length measurements, as part of routine health care. For this study, we included 135 unrelated Nordic patients where both genetic screening and telomere length had been requested between 2011 and 2016. The study was approved by the Regional ethical review board in Umeå (Dnr 2016/258-31), and the patients and/or their guardians provided informed consent.
Genetic analysis and classification of variant pathogenicity
Genomic DNA was extracted from peripheral blood leukocytes and analyzed by Sanger sequencing of all exons in the genes TERT and TERC on an ABI 3500xL Dx Genetic Analyzer (Applied Biosystems). Furthermore, 40 index patients were additionally analyzed for DKC1 and TINF2 if requested on the referral, or if TERT and TERC were negative and the telomeres were short for their age. All exons of DKC1 and exon 6 of TINF2 were analyzed, which is the only exon of this gene where pathogenic variants have been found so far.
Sequences were evaluated by Sequencer software and identified variants denoted by Human Genome Variation Society nomenclature. Assessment of the pathogenicity of all identified variants, regardless if they were novel or previously reported, was performed using Alamut software (Interactive Biosoftware, Rouen, France) in accordance with American College of Medical Genetics (ACMG) guidelines [22] . This software incorporates different programs for in silico prediction of the effect of amino acid changes and splicing variants. Additionally, it gives allele frequencies in the dbSNP and Exome Aggregation Consortium (ExAC) databases [23] and shows if a variant has been reported before in Human Gene Mutation Database (HGMD) or ClinVar. The metrics used for classification of variants included population allele frequency data, evolutionary conservation, in silico predictions, prior publications, family studies/segregation, and telomere length measurements performed in our laboratory. Variants were categorized into five classes: pathogenic, likely pathogenic, variant of unknown significance (VUS), likely benign, and benign. Identified variants were considered to be pathogenic or likely pathogenic only if an effect on the protein (or the secondary structure of the molecule in the case of TERC) could be predicted, and/or if the variant was absent from control individuals, and/or if it co-segregated with affected family members, and/or if the telomere length of the index patient was short compared to controls. All variants reported in this paper (except those classified as benign or likely benign) have been submitted to the ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar) and can be found under the submission name "TEL001".
Telomere length measurement
Relative telomere length (RTL) was determined in DNA extracted from total peripheral blood white cells from patients (n = 135) and controls (n = 113), by the quantitative PCR method described by Cawthon et al. [24] , with minor modifications as described in the Supplemental materials and methods. 
Results
Sequencing of telomere-related genes and telomere length measurement
We determined telomere length and screened for genetic variants in core components of the telomerase or shelterin complex in 135 index patients with suspected telomererelated disorders. The phenotypic information in the referrals was sparse in some patients and had a combination of features for other patients, but the main referral reasons are summarized in Table 1 .
In total, we identified 10 patients with pathogenic or likely pathogenic variants, six of which were novel ( Table 2 ). RTL was measured by quantitative PCR in all index patients and compared with healthy controls of similar age-distribution (Fig. 1a) . The RTL of individuals with pathogenic or likely pathogenic variants (0.66±0.18) was significantly shorter compared to patients with no identified variant (1.36±0.40, p < 0.001) and healthy controls (1.46±0.35, p < 0.001) (Fig. 1a, b) . There was no significant difference in RTL between patients with no identified variant and healthy controls (1.36 vs. 1.46, p = 0.115). Pedigrees and additional clinical features for family members with novel variants are shown in Fig. 2 and Supplemental Table 1 , respectively. The genomic coordinates for the identified variants are shown in Supplemental Table 2 .
Novel genetic variants in TERC
In TERC, three novel variants were identified (Supplemental Fig. 1A) . Two of the variants were located in the pseudoknot domain in the proposed secondary structure of the molecule, and were predicted to disrupt base pairing in the double-stranded helical regions. The first variant, n.69_74dupAGGCGC, occurred in the P2a.1 stem region. The index patient was a 40-year-old woman with MDS/ AML. The pedigree indicated features of anticipation with thrombocytopenia and progression to MDS/AML at an even younger age for each generation in the family ( Fig. 2a; family T4). Telomere length studies showed that the index patient (IV:17) had short telomeres. Segregation analysis demonstrated that affected relatives from which blood sample was available (III:10, III:14, and IV:1) carried the same novel variant, confirming its co-segregation with disease. The telomeres were short in individuals III:10 and III:14, whereas they were within the normal distribution for individual IV:1.
The second novel variant in the pseudoknot domain, n.122_125delGCGG, occurred in the P2b stem region. The index patient was a 46-year-old woman with MDS, who had developed thrombocytopenia during pregnancy at 38 years of age. Her brother and father had MDS and features of lung and liver disease at an age under 50 years ( Fig. 2a ; family T3). The variant was inherited from the affected father (II:1), whereas no DNA from the deceased brother (III:1) was available. The variant was also found to be present in an asymptomatic brother (III:3) and his son (IV:3). Telomere length measurements showed that the index patient and all relatives carrying the novel disease variant had short telomeres for their age.
The third novel variant, n.407_408delinsAA, was predicted to disrupt conserved base pairing in the P8b stem region of the CR7 domain. This variant was found in a 52- Age was calculated from difference between date of blood sampling and date of birth of the patient AML acute myeloid leukemia, MDS myelodysplastic syndrome, NA no information was stated on the referral * Combination of symptoms, where the patient had both hematological disorder and at least one other major affected organ, as listed Relatives are listed when they were available and tested positive for the identified variant. Pedigrees for novel variants are shown in Fig. 2 c Minor allele frequency from the Exome Aggregation Consortium (ExAC; http://exac.broadinstitute.org) contains high-quality exome DNA sequence data for 60,706 individuals of diverse ancestries [23] year-old man with MDS, who had affected relatives with thrombocytopenia, liver cirrhosis, and premature graying of the hair ( Fig. 2a; family T13 ). Family studies showed that the index patient had inherited the variant from his affected mother (II:3), and that they both had short telomeres. No DNA was available from other family members.
Novel genetic variants in TERT
In TERT, three novel variants were identified (Supplemental Fig. 1B) . The first variant, c.2320C>T, p.(R774*), occurred in the reverse transcriptase domain and was predicted to replace an arginine with a stop codon. The patient carrying this variant was an 11-year-old boy with thrombocytopenia, dysmorphic nails, and rough tongue ( Fig. 2b ; family T22). He had very short telomeres ( Fig. 1 ; sample taken as 5 year old). No family history was known, but due to its deleterious nature, p.(R774*) was considered pathogenic. The second variant, c.3399A>G, p.(*1133Wext*39), was identified in the C-terminal end of the gene and was predicted to replace the stop codon with an insertion of extra amino acids. The index patient was a 17-year-old man with AA and liver affection ( Fig. 2b; family T5 ). Telomere length examination showed short telomeres. Family studies demonstrated that he had inherited the novel variant from his asymptomatic mother (II:2), whose telomeres were within the lower normal distribution. The father (II:1) did not carry the variant and had normal telomeres. The maternal uncle (II:3) had died of PF at age 40, but since no DNA was available co-segregation could not be confirmed. Due to the deleterious nature of p.(*1133Wext*39) and its absence in the general population, it was considered likely pathogenic.
The third variant, c.2051A>G, p.(D684G), changes a conserved residue in the reverse transcriptase domain. The index patient was a 32-year-old man with hypoplastic MDS transformed into leukemia, dystrophic nails, and reticular skin pigmentation ( Fig. 2b; family T14 ). Of special notice is that he carried the variant in homozygous form, inherited from heterozygous asymptomatic parents. Furthermore, an affected sister (II:2) with tongue cancer at age 26 was homozygous for the same variant and an unaffected sister Fig. 1 Telomere lengths in patients with pathogenic or likely pathogenic variants are shorter compared with healthy controls. a Scatter plot of relative telomere length (RTL) with age in healthy controls (n = 113, gray circles) and patients with suspected telomeropathies; classified as pathogenic or likely pathogenic (n = 10, triangles), VUS (n = 2, unfilled squares), or negative (n = 123, black circles) for variants in the analyzed genes (TERC, TERT, DKC1, TINF2). Every dot corresponds to a measurement from a single individual. The line of best fit for each subgroup is shown. b Box plot analysis of age and RTL, respectively, in the healthy controls and index patients with or without pathogenic or likely pathogenic variant. The box represents the interquartile range which contains the 50% of values. The whiskers are lines that extend from the box to the highest and lowest values, excluding extreme outliers. The median is indicated as a line across the box. RTL was compared between groups by ANOVA with Bonferroni correction; ** p < 0.001 (II:3) did not carry it. The telomeres were very short in both homozygous individuals, whereas they were short in the father (I:1), within the lower normal distribution in the mother (I:2), and normal in the unaffected sister. Based on the co-segregation analysis and telomere length results, p.(D684G) was considered to be likely pathogenic and associated with autosomal recessive inheritance in this family.
To be noted, p.(D684G) was also identified in two additional index patients, but in heterozygous form; in the 11-year-old boy in family T22 described above, and in a 58-year-old man with hypoplastic MDS, lung fibrosis, liver cirrhosis, and short telomeres ( Fig. 2b; family T11) . Cosegregation analysis in families T11 and T22 could not be performed, and we therefore classified p.(D684G) as a VUS in these families.
Another novel VUS in TERT, c.2287-5G>A, was identified in a 19-year-old man with congenital kidney disorder who had developed thrombocytopenia and anemia ( Fig. 2b; family T10). According to the referral, he had an 8-year-old half-brother with MDS. The variant was predicted to significantly decrease the strength of the natural splice consensus site and create a new splice acceptor site, which would cause an in-frame insertion of one amino acid. However, we classified this splice variant as a VUS since the index patient had normal telomeres and no cosegregation studies could be performed.
Previously reported genetic variants
In four patients, we identified variants that had previously been reported and that we classified as pathogenic according to ACMG guidelines. In a 64-year-old woman with anemia, PF, and multiple forms of cancer, the variant TERC n.107G>T in the P3 region of the pseudoknot was found [25] . The woman had short telomeres and unknown family history. In a 45-year-old woman with anemia, thrombocytopenia and MDS, the variant TERT c.1892G>A, [26] [27] [28] . The woman had short telomeres and an affected son and sister who also carried the variant. In an 18-year-old man with thrombocytopenia and dysmorphic nails, the variant DKC1 c.203A>G, p.(H68R) was identified [29] . The man had short telomeres and unknown family history. In a 9-year-old girl with AA and dysmorphic nails, the variant TINF2 c.845G>A, p.(R282H) was found [7, 21] . The girl had very short telomeres and no family history. Analysis of the parents demonstrated that the variant had occurred de novo.
Likely benign variants
Several likely benign variants were identified, including the 
Discussion
Novel variants of TERC and TERT associated with telomeropathies
In this study, we identified six novel and four previously reported pathogenic or likely pathogenic variants in telomere related genes among 135 Nordic patients with suspicion of telomere-related disorders. All novel variants were located in highly conserved regions, and were absent or extremely rare among controls, and/or co-segregated with disease in the family, supporting their pathogenicity.
In TERC, three of the four identified variants disrupt the conserved base pairing in the pseudoknot, which is the region of the molecule where most pathogenic variants occur. The pseudoknot region binds to TERT and is essential for telomerase activity [30] . The novel variants n.69_74dupAGGCGC and n.122_125delGCGG occurred in the double-stranded helical regions P2a.1 and P2b. Other variants that affect function in these conserved stems, such as n.67G>A and n.72C>G in P2a.1, and n.95_96delGC in P2b, have been reported in patients with DC or AA [13, 25] . The authors reported significantly short telomeres of these patients, as well as almost completely abolished telomerase activity, demonstrating the importance of these stem regions for TERC function. The third identified pseudoknot variant, n.107G>T in the P3 stem region, has previously been reported in a patient with AA who had inherited the variant from an asymptomatic father [25] . This patient had short telomeres compared to controls and the telomerase activity in vitro was less than 1% of wild type [25] . The fourth identified variant, the novel n.407_408delinsAA, occurred in the CR7 domain. CR7 is a highly conserved base-pairing region that is essential for stability and accumulation of TERC within the cell [31] . Another variant that affects function in the same region, n.408C>G, has been shown to co-segregate in a family with DC [20] . In a functional assay, n.408C>G greatly reduced telomerase activity, whereas a compensatory variant targeting the corresponding base rescued the activity [32] , demonstrating the importance of this region.
In TERT, the identified variants were spread throughout the gene, which is in accordance with previous reports. The variant p.(R631Q) has previously been reported in families with DC, PF, and MDS/AML, and shown to completely abolish telomerase activity [26] [27] [28] . The novel variant p.(R774*) in the reverse transcriptase domain is predicted to result in a loss-of-function. Loss-of-function variants are considered to affect function as they will result in haploinsufficiency, which is a well-established disease mechanism with telomerase variants [19] . Another loss-offunction variant in the same domain, p.(R889*), has been reported in a patient with AA [33] . The novel variant p.(*1133Wext*39) was classified as likely pathogenic due to its deleterious nature and absence in the general population. Another variant in the same C-terminal end of TERT (a 177 bp-deletion referred to as "E1116fsX1127") has been reported in a family with PF and shown to greatly reduce telomerase activity, demonstrating the importance of this region for normal function of the protein [12] . The novel variant p.(D684G) was identified in three different families; in homozygous form in the index patient of family T14, and in heterozygous form in families T11 and T22. This variant is observed in 0.0136% in the ExAC database, which is higher than expected for an autosomal dominant disorder. In the literature, a few patients with autosomal recessive TERT variants have been described [34] [35] [36] , supporting this mechanism of inheritance. Based on the co-segregation analysis and telomere length results, we considered p.(D684G) to be a likely pathogenic variant associated with autosomal recessive inheritance in family T14. In family T22, the index patient carried the additional variant p.(R774*), which explain the patient's symptoms and short telomeres. In family T11, the index patient carried only p.(D684G), although it is possible that he may have another disease variant in a gene not analyzed.
In DKC1, the identified variant p.(H68R) has previously been reported in a patient with DC [29] . Although no segregation analysis was reported by the authors, their patient had short telomeres and a positive family history. Two other variants affecting the same amino acid residue have been reported; p.(H68Q) in a sporadic case with features of both classic DC and HHS [37] , and p.(H68Y) in a child with HHS who had a symptomatic brother carrying the same variant [25] , supporting the pathogenicity of p.(H68R).
The identified TINF2 variant p.(R282H) has been reported as one of the most common variants among pediatric DC patients [7, 21] . Patients with TINF2 variants that affect function have very short telomeres with early age of onset and severe manifestations of the disease [7] , which was also the case for the index patient in this study. Neither parent was found to carry p.(R282H), which is consistent with the observation that the majority of TINF2 variants arise de novo [7] .
Telomere length analysis is important for determining pathogenicity of novel variants
The symptoms, clinical findings, and telomere-related findings in this study show a large diversity between the patients. A pathogenic or likely pathogenic variant was identified in 7.4% (10/135) of our index patients. This can be compared with a study where next-generation sequencing detected variants predicted to affect function in 5.1% (5/98) of AA patients and in 13.6% (15/110) of MDS patients [38] . In another study, 5% (10/200) of patients with bone marrow failure had a TERT or TERC variant that affect function [39] . However, comparison of studies is complicated due to different number of genes analyzed and different diagnoses of the included patients. Of the 12 patients in our study with an identified pathogenic or likely pathogenic variant or VUS, eight had a family history of a related phenotype, indicating that a disease variant is more likely to be found in those patients having a positive family history. However, investigation of a telomere-related disorder has to be considered even in the absence of a family history.
In most of the analyzed patients, no pathogenic or likely pathogenic variant was identified. There is a possibility that some of these individuals in fact do not have a telomererelated disorder, or that any variants are missed due to technical limitations or location in other genes not included in this study. This is especially true for the patients who were found to have short telomeres and/or a positive family history. At our laboratory, we have chosen to analyze only the genes TERT, TERC, DKC1, and TINF2. However, variants that affect function have been identified in other telomere-related genes, such as NHP2 and NOP10 in autosomal recessive DC [40, 41] , RTEL1 in HHS [42] , PARN in severe DC [43] , TCAB1 in DC [44] , and CTC1 in Coats Plus [45] . With large scale next-generation sequencing-based approaches, the number of variants in new disease genes will continue to increase.
It can be difficult to determine the pathogenicity of an identified novel variant in a family with a telomere-related disorder due to genetic heterogeneity and overlapping phenotypes. For example, patients with TERT variants may express PF, AA, and liver cirrhosis at different times throughout life [5] , whereas others present with these symptoms at the same time, or not at all. Furthermore, due to genetic anticipation, it is common to have members of younger generations presenting earlier in life compared with older generations within a family [8] . Clinical presentation correlates with telomere length, where the majority of the most severely affected individuals display the shortest telomere lengths [2] . However, there is not a strict relationship between telomere length and severity of symptoms at an individual level [25, 46] . In this study, all but one of the patients and affected relatives with a pathogenic or likely pathogenic variant had short telomeres. The exception was individual IV:1 in family T4. Of the asymptomatic relatives, individuals III:3 and IV:3 in family T3, and individual I:1 in family T14 had short telomeres, whereas individual II:2 in family T5 and individual I:2 in family T14 had telomeres within the lower normal distribution compared to controls of similar age-distribution.
Telomere length analysis is an important tool when evaluating novel variants, as short telomeres supports pathogenicity. This is especially important for families where co-segregation analysis is not possible to perform. Since the qPCR method requires a standardized and optimized setup, and the number of patients referred for blood telomere-length analysis due to suspected telomere-related disorder is currently low, national or regional centers for telomere length measurements will be preferred. In this study, we demonstrated co-segregation of the novel variant with disease and/or short telomeres in families T3, T4, T13, and T14, thus confirming pathogenicity. For the other families co-segregation could not be demonstrated, either due to a lack of family history or unavailable samples from deceased relatives. Due to the deleterious nature of the variant and short telomeres in the index patient, we were able to classify the novel variants in families T5 and T22 as likely pathogenic and pathogenic, respectively.
In conclusion, this study increases the publicly known genetic variants associated with the telomeropathies. Identification of inherited telomeropathies is of great importance for appropriate medical care of the patient, as it influences choice of treatment and follow-up routines. 
